ABSTRACT
INTRODUCTION
In recent years, the homogeneous charge compression ignition (HCCI) combustion has showed significant advantages of relatively higher thermal efficiency and lower emissions than those of the conventional spark ignition (SI) combustion due to its un-throttled operations, flameless and lean burn nature [1] - [2] . However, HCCI combustion also has limited operational range due to possible misfire at low load and knock at high load. An HCCI capable SI engine equipped with electric variable valve timing (EVVT) systems and dual-lift valve control has been demonstrated with smooth mode transition between the HCCI and SI combustion [3] - [5] .
It is fairly challenging to achieve smooth mode transition between the SI and HCCI combustion due to the significant thermal differences between the HCCI and SI combustion. Note that the HCCI combustion operates in an un-throttle mode to reduce pumping loss with relatively high in-cylinder temperature at intake valve closing (IVC) to make auto-ignition possible; while the SI combustion requires to be operated in a throttled mode with relatively low manifold pressure, especially around the mode transition region. In [6] an experimental investigation on SI-HCCI-SI mode transition using hydraulic two-stage profile camshafts was performed, and cases of valve timing, one-step throttle opening timing, and fuel quantity optimization were studied; however, considerable engine torque fluctuation during the combustion mode transition was shown. In [7] a state feedback controller was designed based on a state space model obtained from system identification, fuel quantity and negative valve overlap (NVO) were used as the control inputs to track the desired IMEP and combustion phasing; this model-based controller showed the improved performance over the PI (proportional and integral) controller. However there still existed unexpected torque fluctuations, especially at the beginning of the mode transition. In [8] a control-oriented combustion model was linearized around the steady-state SI and HCCI operational conditions, and a controller, composed of state-feedback and model-based feed-forward components, was used to control the fuel injection timing to track the desired combustion phasing but the hybrid mode combustion was not considered. In [9] a model-based linear quadratic tracking strategy was used to track a desired manifold pressure to guarantee a reasonable air-to-fuel ratio and the fuel quantity was controlled by using the iterative learning to maintain a constant torque; however, it was not robust to case-by-case variations.
The feed-forward based fast and smooth mode transition between SI and HCCI combustion was demonstrated in [5] .
In this paper a smooth SI-HCCI mode transition experimental data [5] was used as the nominal control parameters. Note that these control parameters were used in the HIL (hardware-in-the-loop) simulations with a control-oriented HCCI combustion model [10] (capable of SI and SI-HCCI hybrid combustion) and the resulting simulation results matched the experimental results very well. A model-based SI-HCCI combustion mode transition control strategy was developed in the HIL environment. The control strategy is mainly centered at the management of the manifold pressure for charge air control and the fuel mass for torque control. By considering the filling dynamics of the MAP (manifold air pressure) system, a predetermined desired cycle-by-cycle throttle position feedforward control was developed and an LPV throttle position control strategy [11] was implemented to track the desired MAP profile during the combustion mode transition. For the NMEP (net mean effective pressure) control, model-based control approach was used to study the sensitivity of NMEP deviations around desired operational conditions, and a fuel management controller, consisting of the scheduled open-loop control and sensitivity-based feed-forward control, was designed to maintain the engine NMEP at the desired level during the mode transition, where the scheduled open-loop control provides the nominal fuel quantity and the sensitivity-based feed-forward control compensates the potential NMEP fluctuation due to the deviation of operation conditions (such as manifold air pressure (MAP) variation). The developed control strategy was validated in the HIL simulations with the control-oriented model described in [10] .
MODE TRANSITION STRATEGY

Engine Configuration
The HCCI capable SI engine used for the modeling and control design is a four cylinder 2.0L engine equipped with electric variable valve timing (EVVT) systems, dual-lift valvetrain, electronic throttle control (ETC) system, and charge air heat exchange. The intake air is heated by engine coolant to around 350 K before entering the intake manifold to make the auto-ignition possible for the HCCI combustion. Normally intake and exhaust valves operate under the high lift in SI combustion mode; in this paper, a simplified case was studied that both intake and exhaust valves are in low lift before and after combustion mode transition. Table 1 shows the engine specifications. SI to HCCI Combustion Mode Transition SI and HCCI combustion requires quite different incylinder thermo-conditions. Around the mode transition condition, the SI combustion is normally under the low or mediate load, where the manifold pressure is relatively low, and the stoichiometric air-to-fuel ratio is required for the stable combustion with low emissions; on the contrary, the HCCI combustion is operated under a lean air-to-fuel ratio with widely opened throttle. To enable the auto-ignition, the NVO is also utilized to trap a desired amount of the hot residual gas to manage the in-cylinder temperature at IVC.
The goal of mode transition control is to maintain a constant engine torque (related to the net mean effective pressure (NMEP), 4.5 bar in this study) during the transition when all the actuator control parameters are gradually changed from these associated with the steady state SI operational condition to these associated with the HCCI condition. Due to the actuator dynamics of the EVVT and ETC, especially the slow response time of the EVVT, a 10-cycle mode transition strategy was investigated and successful smooth mode transition between the SI and HCCI combustion was demonstrated in [5] . The corresponding mode transition control was used as the open-loop feed-forward control in this study. An OCC (Output Covariance Constraint) controller [12] was used to precisely control the both intake and exhaust valve timings. Figure 2 shows the corresponding engine responses under simulation study. The manifold pressure is increased from 0.6 bar to 1.0 bar when the throttle changes its position from the SI position to the widely opened position; the exhaust valve timing is advanced by 80 crank degrees and the intake valve timing is retarded by 63 crank degrees to achieve the large NVO required for the HCCI combustion. Note that the hybrid combustion, that starts with the SI combustion and ends with the HCCI combustion, occurs in cycles 6 to 8. From Figure 1 , it can be seen that the engine is operated at the SI combustion mode in cycles 1 to 5, and the HCCI mode in cycles 9 and 10. Note that the hybrid combustion is initialized by the spark ignition and when the auto-ignition condition is satisfied in the unburned zone the HCCI combustion continues in the unburned zone. In order to maintain a reasonable 50% burned location 50 θ , spark timing is retarded gradually between cycle 6 and 10 and remains at TDC (top dead center) in case of misfire. It can also be seen that during the mode transition the normalized air-to-fuel ratio is within 1.0 to 1.3, which makes spark ignition possible during the transition. This also demonstrates that the scheduled MAP control trajectory is reasonable to maintain the desired air-tofuel ratio. 
MODEL-BASED CONTROL DESIGN
The SI to HCCI combustion mode transition strategy provided above can be used as an open-loop feed-forward controller. If the engine operational conditions could match the predetermined operational conditions and there are no engine system part-by-part variations, the smooth mode transition would be achieved. However, this would never be true in practical engineering applications. For instance, the engine actuators have their part-by-part variations due to the manufacturing process and engine could be operated under quite different environment. This could lead to large parameter deviations, causing large NMEP fluctuations without smooth mode transition under the open-loop feed-forward control. To solve this problem, by investigating the relationship between engine performance in term of NMEP and input control parameters using the engine thermodynamics model, modelbased controller was designed for controlling fuel quantity based upon the two most sensitive parameters, MAP and incylinder temperature at IVC from the last engine cycle. 
MANIFOLD PRESSURE CONTROL
Since the manifold filling dynamics is much slower than the electronic throttle, and pressure wave exists in the intake manifold due to the periodic engine intake valve events, a stepby-step manifold pressure feed-forward control strategy was developed. By using the ETC system in [11] , for each engine cycle within the transition cycles, the throttle was set to a target position to achieve required manifold pressure, and the transient behavior of the throttle position was omitted due to its fast response time, which simplifies the calculation.
Considering the filling dynamics equation of the intake manifold 
During each engine cycle, the average manifold pressure MAP P (where
) is used as an approximation of MAP P in Eq. (2), therefore the target throttle position ( ) k φ can be obtained that is also related to the engine speed.
SENSITIVITY-BASED FUEL CONTROL Engine Combustion Events Modeling
In order to investigate the impact of fluctuations of the MAP and the in-cylinder temperature on the deviation of the engine NMEP, engine thermodynamics equations are derived for different combustion phases over the entire engine cycle. Figure 4 shows the definition of the engine cycle and its combustion events, where SOC, EOC, EVO, EVC, IVO and IVC denote start of combustion, end of combustion, exhaust valve opening, exhaust valve closing, intake valve opening and intake valve closing, respectively.
FIGURE 4: COMBUSTION PHASES AND CYCLES
IVC was chosen to be the dividing point between cycle k-1 and k, and the calculation of in-cylinder thermodynamics characters of cycle k was based on the measured in-cylinder pressure and temperature at cycle k-1 and intake manifold pressure at IVC of cycle k. Since the injection timing was set to 300 degrees before TDC, which is around IVO, all the parameters required for feed-forward fuel control should be made available before IVO; then the intake manifold pressure at TDC before IVO was utilized instead of that at IVO based on the assumption that they are closed to each other. Modeling incylinder thermodynamics for different combustion phases is presented in this section.
A. Gas exchange phases
A polytropic process is assumed during the whole gas exchange phases, including exhaust, NVO, and intake phases. Suppose that the in-cylinder pressure and temperature at EVO of cycle k-1 can be measured and denoted as ( )
. For the NVO case, since the valve lift is small at the closing, the in-cylinder pressure EVC P is higher than the exhaust manifold pressure (which is closed to the atmosphere pressure), EVC P can be written as
where α is a parameter to be tuned for different exhaust valve timing. Then the in-cylinder temperature at EVC is given by ( ) ( )
where V denotes the cylinder instantaneous volume. Consequently, the trapped residual gas at EVC can be obtained by ideal gas law:
For the basic transition strategy stated previously, from cycles 2 to 10 the EVC timing is always earlier than the IVO timing; for cycle 1, considering the valve lift lash, it could be also treated as the NVO case. Then during the NVO phase, the in-cylinder pressure and temperature are given by
At IVO, the in-cylinder pressure and temperature can be obtained by substitute θ for IVO into Eqs. (5) and (6) . During the intake phase, the residual gas and intake fresh charge can be considered separately. Firstly, the in-cylinder pressure at IVC can be approximated to be the intake manifold pressure. Then the volume of the residual gas and the fresh charge can be obtained sequentially at IVC:
By the ideal gas law, the mass of the fresh charge and the average in-cylinder temperature are
B. Compression phase
Polytropic compression is assumed until the start of combustion, and as a result during the compression phase,
C. Combustion phase
Three combustion modes are investigated, where SI combustion mode applies for transition cycles 1 to 5, SI-HCCI hybrid combustion mode for cycles 6 to 8, and HCCI combustion mode for cycles 9 and 10. Note that the in-cylinder temperature calculation can be simplified to be a sum of a polytropic volume change process and a heat release process [10] . In the SI mode, during the combustion process, In the HCCI combustion mode, since the combustion duration is much shorter than that in the SI mode, a constant volume heat release process was assumed. Therefore, at the EOC
For the SI-HCCI hybrid combustion mode, Arrhenius integral [13] is used to determine the start of HCCI combustion: . Consequently, at the switching point
and at the EOC the in-cylinder temperature has the same expression as (14) . The in-cylinder pressure is obtained by ideal gas law for all of these three cases.
D. Expansion phase
Polytropic expansion is assumed after the end of combustion, and in-cylinder pressure and temperature are
Sensitivity Analysis
The NMEP is defined as engine effective work done per unit volume over an engine cycle, and it can be calculated the following integral
Since the in-cylinder pressure can be expressed as a function of the injected fuel quantity, the intake manifold pressure, and the in-cylinder temperature at IVC from previous modeling analysis, the engine NMEP can also be written as
If the sensitivity of each variable is defined as
, and ( ) k P MAP denote the nominal values at the current operational condition, and the same notation will be used in the following sections. Therefore, the first order approximation of (20) is
Since the sensitivity-based feed-forward control target is to eliminate the fluctuation of NMEP, by setting
The sensitivity functions ( )
will be derived in the following subsections.
A. Sensitivity of fuel quantity
The small deviation of the in-cylinder pressure and temperature during the compression phase causing by the evaporation of fuel m δ is ignored in this derivation. Then for the SI combustion case, during the combustion phase
And as a result, the instantaneous in-cylinder pressure deviation is
based on the assumption that the MFB does not change due to small variation of the fuel quantity. Note that the NMEP variation due to fueling quantity based upon the MAP deviation is relatively small; and hence the integral of pressure-to-volume within this period was omitted. During the combustion phase it can be expressed as
And during the expansion,
Since all the parameters containing in the integrals of Eqs. (25) and (26) are available for offline calculation, the sensitivity function of fuel can be finally obtained
The derivation of
in the HCCI mode and SI-HCCI hybrid mode is similar, thus omitted in this paper.
B. Sensitivity of intake manifold pressure
The change of intake manifold pressure could result in variation of air charge mass, and sequentially the in-cylinder temperature and auto-ignition timing. Due to the page limitation, only the final calculation results are shown in this section. It could be demonstrated that the deviation of manifold pressure MAP P δ leads to the deviation of the total trapped mass by
The temperature deviation at IVC is ( ) In the SI combustion mode, the sensitivity function of the intake manifold pressure can be calculated by
In the hybrid combustion mode, change of IVC T could affect the auto-ignition timing. Suppose IVC T is higher than the nominal value, the Arrhenius integral would reach the threshold faster than the nominal case, resulting in an earlier switching from SI to HCCI combustion. The deviation of auto-ignition timing with respect to the deviation of IVC T is provided in [14] through first order approximation approach, and finally the sensitivity function is ( )
where the index SOH denotes the start of auto-ignition (HCCI mode) during the hybrid combustion cycles, and
In the HCCI combustion mode, since the throttle is widely opened, the manifold pressure would remain unchanged and
is set to be zero.
C. Sensitivity of in-cylinder temperature
Once the intake manifold pressure is changed and the associated fuel mass correction was made in cycle k-1, it would lead to deviation of in-cylinder temperature and affect the engine thermodynamics characters in cycle k. Unexpected combustion, such as late burning or early auto-ignition, also has significant effect on in-cylinder temperature. It could be shown that the deviation of in-cylinder pressure at EVC is in the form of
Then the rest derivation of
is similar to that of
in Eqs. (33) and (34).
For actual engine application, although the in-cylinder temperature at EVC is not available for measurement, the deviation of it caused by fuel quantity change and combustion timing change could be calculated by equations (14), (18) and (27).
HIL SIMULATION VALIDATION
The two-zone HCCI combustion model was validated in the HIL simulation environment, as shown in Figure 5 . The top portion of Figure 5 shows a host computer used for controlling the Opal-RT based engine prototype controller; and the lower host computer is used for controlling the dSPACE based real-time engine HIL system simulating an HCCI capable SI engine. The Opal-RT based engine controller and the dSPACE based HIL simulator are connected through the harness break-out box. Figure 6 shows the throttle response and intake manifold pressure trajectory during mode transition, and the actual MAP signal matches the target MAP very well. Instantaneous MAP waves could also be observed in the figure, which is mainly due to the periodic manifold filling dynamics.
In order to validate the proposed sensitivity-based feedforward control strategy, the engine MAP dynamics were disturbed by an error introduced on the throttle opening during the transition. First a lower MAP case (that throttle opening is below the desired level) was simulated, and the result was shown in Figure 7 . Note that filtered MAP traces were plotted to provide a clean vision of the MAP deviation. Under openloop nominal controller, it can be seen that the NMEP fluctuation is more than 7% during mode transition under very small MAP deviations. However, with sensitivity-based feedforward controller, a correction of the fuel injection quantity was realized to compensate for the possible deviation of NMEP, which reduces the transient NMEP fluctuation down to 0.5%. The other observation is that under open-loop control, a higher NMEP was shown for cycles 9 to 10, and a lower NMEP was shown for cycles 11 to 12. The reason is that for the hybrid combustion mode, a higher in-cylinder temperature will result in an increased HCCI combustion percentage and a reduced SI combustion percentage, which could increase the combustion efficiency; and however in the pure HCCI combustion mode, the early combustion phase could lead to reduced thermal efficiency. The main reason is that the high MAP leads to high in-cylinder pressure during the compression phase, which could increase the pumping loss; while on the other hand the unchanged fuel injection mass would not provide additional work to compensate that loss. Under sensitivity-based feedforward control, the fuel injection mass compensation leads to much smooth transient NMEP. From Figure 8 , the NMEP fluctuation was reduced from around 14% down to 0.5%.
CONCLUSION
A model-based feed-forward control for SI and HCCI combustion mode transition is proposed in this paper based upon the sensitivity from engine control inputs to the NMEP performance output. The developed sensitivity-based controller was validated in the hardware-in-the-loop simulation environment. The simulation results showed that the proposed sensitivity-based feed-forward controller is able to generate the fuel injection mass correction signal to compensate the NMEP fluctuation due to the deviation of external disturbance, such as MAP (manifold air pressure), and to achieve the smooth SI and HCCI combustion mode transition, where the NMEP fluctuation was reduced from 14% down to 0.5%. The future work is to calibrate and validate the sensitivity-based controller experimentally on an engine dynamometer.
